The evolution and maintenance of parthenogenetic species are a puzzling issue in evolutionary biology. Although the genetic mechanisms that act to restore diploidy are well studied, the underlying genes that cause the switch from sexual reproduction to parthenogenesis have not been analysed. There are several species that are polymorphic for sexual and parthenogenetic reproduction, which may have a genetic basis. We use the South African honeybee subspecies Apis mellifera capensis to analyse the genetic control of thelytoky (asexual production of female workers). Due to the caste system of honeybees, it is possible to establish classical backcrosses using sexually reproducing queens and drones of both arrhenotokous and thelytokous subspecies, and to score the frequency of parthenogenesis in the resulting workers. We found Mendelian segregation for thelytoky of egg-laying workers, which appears to be controlled by a single major gene (th). The segregation pattern indicates a recessive allele causing thelytoky. We found no evidence for maternal transmission of bacterial endosymbionts controlling parthenogenesis. Thelytokous parthenogenesis of honeybee workers appears to be a classical qualitative trait, because we did not observe mixed parthenogenesis (amphitoky), which might be expected in the case of multi-locus inheritance. Heredity (2005) 94, 533-537.
Introduction
The evolutionary advantage of thelytokous parthenogenesis (asexual production of females) is in producing no males (Maynard Smith, 1978) and thus avoid the 'twofold cost of meiosis' (Williams, 1975) . This advantage should result in a spread of a parthenogenetic species compared to a sexually reproducing one, because single individuals can establish new populations. Moreover, parthenogens may have a better ability to establish co-adapted gene complexes (Crow and Kimura, 1965) , which are not vulnerable to bottlenecks (Templeton, 1982) .
On the other hand, parthenogens suffer from reduced genetic variation, which impedes adaptation to variable environments or changing pathogens (Maynard Smith, 1978; Rice, 1983) . Heterozygosity can increase in asexual lineages due to mutational events, but most mutations are deleterious rather than favourable. The lack of recombination can lead to the accumulation of deleterious mutations in the population, a process known as Muller's ratchet (Muller, 1964) . Thelytoky is often, therefore, referred to as an evolutionary dead end (Maynard Smith, 1978) . Nevertheless, parthenogenetic species may have nearly the same potential to evolve phenotypically as rapidly as related sexually reproducing species (Lynch and Gabriel, 1983) . Currently, some 1500 parthenogenic species are known throughout the animal kingdom (White, 1984) . However, besides the Bdelloidea (Rotatoria), no higher taxonomic unit consists exclusively of thelytokous species, and the occurrence of thelytokous reproduction appears to be scattered among many taxa, indicating multiple independent phylogenetic origins (White, 1984) .
In the social Hymenoptera, only a few cases of thelytokous parthenogenesis are known (Crozier and Pamilo, 1996) . Typically, only males are parthenogenetically produced (arrhenotoky) by queens or laying workers and the females are sexually generated diploid offspring. Workers of social insects are usually unable to mate and hence can only lay unfertilised male eggs (Bourke, 1988) . Thelytoky has been reported for workers in only a very few species. Four thelytokous ant species are known, Pristomyrmex punctatus (formerly P. pungens), Cerapachys biroi, Cataglyphis cursor and Platythyrea punctata. P. punctatus and C. biroi are obligate thelytokous species, whereas C. cursor and P. punctata are facultative thelytokous species (Crozier and Pamilo, 1996) . Although thelytokous parthenogenesis is rare in the Western honeybee Apis mellifera (Mackensen, 1943; Tucker, 1958) , it is found in egg-laying workers of the Cape honeybee, A. m. capensis (Onions, 1912) , although a very low percentage of the workers are arrhenotokous (Hepburn and Crewe, 1991) . In this subspecies, nearly all workers are capable of producing female offspring. The cytological mechanism for restoring diploidy is well understood. After a meiotic division, the central haploid products fuse to restore the diploid condition, a process known as automixis with central fusion (Verma and Ruttner, 1983) . This mechanism does not allow for interchromosomal recombination. Similarly, intrachromosomal recombination (crossing-over) appears to be rare in honeybee worker thelytoky, leading to true clonal offspring. This was first shown by Moritz and Haberl (1994) by analysing worker offspring with multilocus DNA fingerprinting. More recently, a field survey of the population genetic structure of parthenogenetic A. m. capensis lineages with microsatellite DNA markers confirmed the clonal reproduction of egg-laying workers with a strongly reduced or zero crossing-over rate (Baudry et al, 2004) .
The only published experiments concerning the genetics of the type of parthenogenesis of worker honeybees were conducted by Ruttner (1988) . He inseminated endemic A. m. capensis queens using the semen of a single drone for each. These drones were derived from F1 hybrid queens of a cross between A. m. capensis Â A. m. carnica, representing segregating F2 gametes. The queens were kept in mating nuclei and, after successful production of worker offspring, the queens were removed to induce egg laying by the workers. The sex of the laying worker offspring in each colony was recorded as the percentage of female to male offspring (see Ruttner, 1988, p 48) . The results from 110 queenless nuclei in two successive years show a bimodal distribution from which Ruttner (1988) concluded that thelytokous parthenogenesis is under the control of a single gene. However, 23.6% of all evaluated queenless nuclei showed intermediate forms of parthenogenesis (amphitoky), which is not expected under the control of a single gene as proposed by Ruttner (1988) . Possible reasons for the large proportion of intermediate phenotypes are given by Ruttner himself as (1) a low percentage of thelytokous parthenogenesis (o1%) in the European subspecies (Mackensen, 1943) and (2) drifting of workers between the test nuclei, which were not well separated spatially. In addition to these experimental shortcomings, it was not possible to determine the number of reproducing workers per colony. Since Ruttner recorded the proportions of the sexes in the brood derived from multiple egg-laying workers, the brood sex ratios do not allow the scoring of the parthenogenesis type of individual workers. Moreover, conclusions about mixed forms of parthenogenesis (amphitoky) cannot be drawn from the data. Yet, unless the proportion of mixed parthenogenesis (amphitoky) is known, it is not possible to distinguish between singleor multi-locus control of parthenogenesis.
Recently, however, Hoy et al (2003) supposed that cytoplasmatically inherited microorganisms could cause thelytokous parthenogenesis in the Cape honeybee. Indeed, certain Wolbachia strains have been shown to induce parthenogenesis in several parasitic wasps (Stouthamer, 1997; Werren, 1997) . Although Wenseleers and Billen (2000) failed to demonstrate the presence of Wolbachia in A. m. capensis, Hoy et al (2003) did detect Wolbachia in this subspecies. Alas, the same Wolbachia strain was also found in arrhenotokous honeybee workers of another subspecies, A. m. scutellata, and so is unlikely to be responsible for thelytoky. Nevertheless, Hoy et al (2003) did not rule out a role for bacteria in inducing thelytoky in Cape honeybees, since other microorganisms have been shown to induce thelytoky (Zchori-Fein et al, 2001; Weeks et al, 2002) .
Since Ruttner's (1988) backcross experiments leave ample space for alternative interpretations, we reanalysed a backcross between A. m. capensis (thelytokous line) and A. m. carnica (arrhenotokous line) under more controlled conditions to evaluate the underlying genetic basis. We used a novel cross type taking advantage of the haplo-diploid system of honeybees. It allows testing for dominant and recessive genes within one test population. We decided to base our analyses on individual worker phenotypes, to overcome the ambiguity of Ruttner's (1988) approach which tested groups of workers.
Material and methods

Bees and test cross
We obtained endemic A. m. capensis queens from the Plant Protection Research Institute (Stellenbosch, South Africa) and performed a test cross as shown in Figure 1 . We raised queens from egg-laying worker broods to ensure that potential genes causing thelytoky were included in the cross. All queens were instrumentally inseminated with the semen of A. m. carnica drones. Queens were raised again from these offspring, representing the F1 generation, which was heterozygous for any thelytoky allele. These heterozygous queens were instrumentally inseminated with the semen of two drones, one A. m. capensis (carrying any thelytoky allele) and the other A. m. carnica (carrying any arrhenotoky allele). Instrumental insemination followed standard procedures ensuring that the semen of the two drones was evenly distributed. The resulting worker offspring can be considered as a test population, where workers sired by the A. m. capensis drone are a backcross to test for recessive factors, whereas the whole population is used to test for dominant and/or maternally inherited factors. As can be easily seen from Figure 1 , there is an uninterrupted female transmission line in our cross, so 
Laboratory assay
Freshly emerged workers from the test cross were individually marked and introduced into small hoarding cages (10 Â 12 Â 10 cm 3 ) and supplied with a piece of comb (6 Â 5 cm 2 ) and 50 young nursing bees (A. m. carnica). Workers of this subspecies are less reproductively dominant, enhancing the chance for egg laying by the tested workers. Food was supplied ad libitum (sugar candy, pollen and water). The cages were kept in a dark room at 331C and a relative humidity of 70-75%. The cages were checked daily for newly laid eggs. Inspections were carried out under red light conditions to keep the bees undisturbed. Eggs were collected and stored at À201C for later analysis. We used eggs rather then larvae for the analysis of the parthenogenesis type to eliminate any biasing factors including differences in viability of larvae of different sexes. The experiment was terminated after 10 days and all eggs and the marked worker were stored at À201C until DNA genotyping.
Genotyping
The egg-laying workers were genotyped at 14 microsatellite loci (A7, A14, A24, A28, A29, A35, A76, A79, A88, A107, A113, AP33, B124, IM; Rowe et al, 1997; Solignac et al, 2003) to determine their paternity. We chose five loci (A29, A35, A88, A113, IM) for which the workers were heterozygous. These loci were used to genotype the eggs laid by the tested workers. Arrhenotokous haploid (hemizygous) and thelytokous diploid eggs (heterozygous) could be easily identified. For each worker, 2-3 eggs were genotyped to independently confirm the ploidy level of the egg.
PCR conditions are used following routine protocols (Rowe et al, 1997; Solignac et al, 2003) . Primers were labelled with a fluorescent dye and run on an ABI Prism 310 sequencer. The size of the fragments was calculated using an internal size standard, GeneScan 3.1 and Genotyper 2.0 software (Applied Biosystems).
Results
Egg-laying workers We tested a total of 164 workers, 72 sired by the A. m. capensis and 92 by the A. m. carnica drone. The number of eggs obtained in the 10-day period ranged from 1 to 23 for individual workers. Significantly more egg layers were offspring of the A. m. capensis drone (31 out of 72), whereas only four out of 92 were of A. m. carnica origin.
This reflects the higher reproductive capacity of the A. m. capensis drone offspring. We found no evidence for egg laying of the nursing A. m. carnica workers that originate from a totally different genetic background.
Genetics of thelytoky
There was no evidence from our data for a mixed form of parthenogenesis (amphitoky). Workers either exclusively laid female or male eggs. So the form of parthenogenesis is a qualitative and not a quantitative character, which greatly facilitated the further genetic analysis.
For different modes of inheritance (single-and multilocus, complete and incomplete penetrance), the expected segregation ratios can be calculated and compared with the observed segregation pattern. Single-locus models comprise of recessive and dominant as well as maternally inherited genes. Maternal inheritance (eg intracellular transmitted bacteria like Wolbachia) can be treated under the single-locus model, because all their genes are linked and are thus expected to act like a single gene that contributes to the phenotypic effect. A maternally inherited factor (including Wolbachia, etc.) could unambiguously be excluded, because all workers would have been thelytokous, independent of the siring drone. The number of workers and the sex and ploidy of the eggs laid are given in Table 1 . This was outside the 0.99 confidence limits of the results for both the A. m. carnica and A. m. capensis drone offspring, calculated from binomial distributions (Diem and Lentner, 1968) . Dominance of thelytoky would result in the typical 1:1 ratio of thelytoky:arrhenotoky in the worker offspring of the A. m. carnica drone and, exclusively, thelytokous workers in the A. m. capensis drone offspring. While this cannot be excluded from the only few reproducing A. m. carnica drone offspring, exclusive thelytoky is clearly outside the 0.99 confidence limits of the results of the A. m. capensis drone offspring. A recessive gene would result in a 1:1 ratio (thelytoky:arrhenotoky) in the workers descending from the A. m. capensis drone and all other offspring workers of the second drone should be arrhenotokous. The observed segregation within the capensis backcross does not significantly deviate from a 1:1 segregation as expected for a recessive gene (w 2 ¼ 0.806, df ¼ 1, P ¼ 0.369). Furthermore, the expected value of 15.5 falls well within the confidence limits of the observed cases for both thelytoky and arrhenotoky.
Blending the inheritance characteristics of multilocus models would have resulted in amphitokous parthenogenesis, where workers would produce parthenogenetically both female and male offspring in proportions determined by their allelic constitution. No such intermediates were observed. 
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Recombination and form of parthenogenesis All marker loci used are unlinked and located on different chromosomes (Solignac et al, 2003) . Therefore, we cannot give any data on the frequency of recombination in arrhenotokous workers. The diploid eggs produced by the thelytokous workers do allow a recombination analysis. Only four recombination events were detected in the entire sample over all loci (three at locus A29 and one at locus A88). As loci became homozygous in these cases, the data should be treated with great care, since we cannot separate misamplification, recombination and mutation.
Discussion
Our results suggest that the type of parthenogenesis in laying honeybee workers is a qualitative character determined by a single major locus, which we term thelytoky (th). Our results support the conclusions of Ruttner (1988) , who first proposed that thelytoky is caused by a single recessive gene. Genetic control by means of multiple loci is not consistent with the absence of intermediate parthenogenesis types (amphitoky). It could be argued that we did not detect amphitokous individuals due to a sampling error collecting three eggs of the same ploidy state just by chance alone. We tested this scenario by calculating the probability from a multinominal distribution for the distribution we obtained, assuming different proportions of amphimictic individuals. The result of 18 strictly thelytokous and 17 arrhenotokous individuals is best explained by the lack of any amphimictic individuals (P ¼ 0.134). We cannot completely exclude the possibility that the mode of parthenogenesis is under multi-locus control, which does not result in blending inheritance. However, this would require very specific and complex interactions with partial dominance and/or partial epistasis among the genes involved. Thus, although we cannot exclude complex genetic control, we follow 'Ockham's razor' in preferring the single-locus model.
The hypothesis of parthenogenesis inducing bacteria as proposed by Hoy et al (2003) can clearly be rejected. These cytoplasmatically inherited bacteria (eg Wolbachia) cause different phenotypes including cytoplasmic incompatibility, male killing and induction of parthenogenesis (for a review, see Werren, 1997) . Parthenogenesis induction is just described for a few species (eg Trichogramma spec.) of the Hymenopteran taxa Chalcidoidea and Cynipoidea (Stouthamer, 1997) . Wolbachia interferes with meiosis and causes gamete duplication after meiosis to restore diploidy. This mechanism leads to complete homozygosity of the whole genome. However, the two Hymenopteran superfamilies in which gamete duplication occurs have no single locus complementary sex determination (sl-CSD) common to most other Hymenopterans (females are heterozygous for the sex locus). In species with sl-CSD, like the honeybee, gamete duplication would lead to the production of diploid sterile males, which should be opposed by strong selection (Cook, 1993) . Although other bacteria may be able to induce parthenogenesis (Zchori-Fein et al, 2001; Weeks et al, 2002) using other mechanisms than gamete duplication, our study clearly shows that there is no maternally inherited factor causing thelytoky in the Cape honeybee.
The genetics of thelytoky has also been studied in Plathythyrea puncata (Schilder et al, 1999a, b) . This Ponerine ant species shows different modes of reproduction. Queens and gamergates ( ¼ mated workers) reproduce sexually or through arrhenotoky, whereas unmated workers can exhibit thelytokous parthenogenesis. There is a high intraspecific variation for the type of reproduction (Heinze and Hö lldobler, 1995; Schilder et al, 1999a) .
Two nuclear genes causing thelytoky have been found in Drosophila melanogaster (Fuyama, 1986) . In contrast to the workers of the Cape honeybee, these fruit fly females of the strain gyn-F9 need to mate to receive sperm that activates the eggs without contributing genetic material (gynogenesis). Despite this difference, this is the only other case where single genes could be identified, which cause thelytoky.
Species which show intraspecific variation of parthenogenesis with arrhenotokous and thelytokous forms cannot interbreed to produce segregating populations, because the thelytokous females will not mate with males or produce triploid offspring. One exception may be the endoparasitic wasp Venturia canescens. Schneider et al (2003) detected gene flow between arrhenotokous and thelytokous populations in the laboratory. It could be shown that there is a genetic basis for the thelytoky in V. canescens (Li et al, 2003) .
The Cape honeybee seems to be an excellent model system to further study the genetics and evolution of thelytoky. The reproductive division of labour between queens and egg-laying workers leads to a decoupling of sexual and thelytokous production of females. Male haploidy allows the production of double backcrosses from one queen, as presented in this paper. The recent development of 550 microsatellite markers (Solignac et al, 2003) as well as the ongoing efforts in sequencing the honeybee genome will greatly facilitate the identification and location of the gene responsible and the mechanisms underlying the thelytoky phenotype in honeybee workers.
